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ABSTRACT
Feston, James C. M.S, Purdue University, December 2015. The effects of ozone gas
on the common bed bug (Cimex lectularius L.). Major Professors: Linda Mason
and Ameya D. Gondhalekar.
Ozone gas is a strong oxidizing agent that is a naturally occurring component
of the stratosphere. It can be easily synthesized and is used for a variety purposes
including odor and microbial remediation. This study explores the effects of ozone on
the common bed bug Cimex lectularius L. Ozone gas has previously been employed
for control of insects in stored grain situations. Its potential as a management option
for bed bug infestations has been proposed anecdotally on-line. However, reports on
the efficacy of ozone are not present. The primary advantage of ozone as an insect
treatment is the ability to be produced on-site and applied as a gas with no residual
concerns and/or chemical disposal issues. However, the concentrations and exposure
time required for mortality in bed bugs, as well as the effects of sub-lethal ozone expo-
sure in insects in general, are poorly understood. This research explored the use and
sub-lethal impacts of ozone in several ways by: (i) determining the ozone concentra-
tion and exposure time in the form of a concentration-time equation (CT expressed
in ppm-min) required to achieve >95% mortality in bed bugs held in a bench-top
chamber (ii) determining antioxidant enzyme activities by assay for the specific ac-
tivity of 4 known antioxidant enzymes: Superoxide dismutase (SOD), Glutathione
transferase (GST), Glutathione peroxidase (GPx), Catalase (CAT) (iii) determining
the baseline electrical activity of the central nervous system using electrophysiological
recording equipment. The results of each of these sections showed that: (i) the CT99
for adult bed bugs was 418,301ppm-min while the CT99 for nymphs was calculated
at 294,212ppm-min. Eggs were least susceptible with a CT99 of 2,323,093 ppm-min
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(ii) the cytosolic enzyme activities of both SOD and CAT were significantly elevated
in ozone-treated insects as compared to control insects (p<0.05). GPx and GST
activities did not vary significantly in the two treatment groups (iii) neurophysiol-
ogy studies indicated that baseline electrical activity in ozone treated bed bugs was
significantly lower than that of controls (p=0.019). Overall, this research provides
insights into putative sub-organismal level impacts of ozone-exposure in insects and
also highlights the potential and challenges of ozone as a tool for bed bug control.
11. LITERATURE REVIEW
1.1 Cimex lectularius L.
The bed bug is a reddish brown hemipteran blood-feeding insect that is an ecto-
parasite of humans, chickens, bats, and occasionally domestic animals.
1.1.1 Distribution
The common bed bug, C. lectularius, has a cosmopolitan distribution and gener-
ally thrives in any environment that their human hosts occupy. Additionally, dispersal
is facilitated by hitchhiking on clothing and personal possessions (Robert L. Usinger,
1966). It is believed that increased globalization and more frequent access to air travel
and tourism has contributed to the recent resurgence of bed bugs. Their ability to
invade homes and inhabit concealed harborages poses a unique challenge for pest con-
trol efforts. Established infestations with numerous bed bugs harboring in inaccessible
places are difficult for pest management professionals (PMPs) to control. Addition-
ally, once controlled, re-infestation is a constant concern. The situation is further
complicated by infestations in places such as hospitals, hotels, and even apartment
complexes where high turnover rates facilitate spread and the presence of sensitive
individuals preclude the use of traditional control strategies such as pesticides.
1.1.2 Morphology and Lifecycle
Bed bugs are hemimetabolous insects with 5 nymphal instars. All life stages,
including eggs, are visible to the naked eye. Adults, and even large late instar nymphs,
are often compared in size and color to an apple seed whereas newly hatched nymphs
are minute and highly cryptic. Bed bug egg production is largely dependent on
2temperature and nutrition. After a full blood meal, female bed bugs will begin to lay
6-10 eggs after 5-6 days. Temperature is the primary factor in egg development time.
At room temperature (22◦C), eggs may hatch within 12 days. Full development is
completed in approximately 2 months (Robert L. Usinger, 1966).
1.2 Ozone
Ozone, or O3, is the triatomic form of oxygen that possess powerful oxidizing
properties. The use of ozone has been employed with some success in the realm
of odor and micro-organism remediation as well as post harvest and stored prod-
uct protection (McDonough, 2010; McDonough et al., 2011). The efficacy of ozone
as a bed bug control option is poorly documented and evidence is often associated
with anecdotal or spurious online evidence. Ozone is inherently unstable and highly
reactive. Breakdown in atmosphere can be 30 min to nearly 24 h depending on en-
vironmental conditions. Higher temperatures and materials with larger surface area
both increase the speed of breakdown. Additionally, the gas is broken down as it con-
tacts and oxidizes the surfaces of materials. Because ozone oxidizes and may damage
some materials, its effect on materials and surfaces should always be considered be-
fore use. Polymer-based items such as rubber and certain plastics, are the first to
react to ozone exposure (Lee et al., 1996). When considering the residential nature
of bed bug infestations and the potential for ozone as a control method it is critical
to understand the effect of single, and repeated ozone exposure on materials. To
mitigate this issue, in residential or commercial setting, extremes at either end of the
concentration/exposure time spectrum should be avoided (Poppendieck et al., 2007)
1.2.1 Sub-organismal impacts of ozone
The mechanisms of ozone toxicity in insects are poorly understood. For short-term
exposures, even at high concentrations it is possible that the thick, waxy, cuticle of
an insect may provide sufficient external protection as the gas reacts with and per-
3oxidizes surface waxes and lipids. Ozone gas is also taken into the tracheal system
of insects where the same reactions are likely to take place. However, the thin cu-
ticular walls of tracheoles that allow gaseous exchange likely provide an entryway
for ozone into the insect circulatory system and cause oxidative damage to tissues
throughout their body. Because ozone is a potent oxidizer, it is capable of disrupting
critical metabolic pathways in living systems. In non-arthropod systems, toxicity is
largely due to damage caused to the respiratory tissues that result in the breakdown
of alveolar structures under both acute and long term exposure conditions (Chow,
1976; Crapo et al., 1984; Montgomery et al., 1986). Additionally, oxidative stress in
rats results in lipid peroxidation of neuronal mitochondrial membranes (Sen et al.,
2006). While the precise mechanisms of ozone toxicity in insects are not fully un-
derstood, existing studies concerning oxidative damage and ozone specifically would
suggest a combination of factors. Like the mammalian studies, oxidative damage to
mitochondrial membranes might be a strong contributing factor. However, a 2011
study using red flour beetle found no relation between acute ozone exposure and lipid
density (Holmstrup et al., 2011). While they showed that acute ozone exposure at
40 ppm for 36 h caused mortality in flour beetles Holmstrup et al. failed to see ei-
ther up regulation in antioxidant genes or evidence of lipid peroxidation. This could
be caused by extremely long exposure times (Holmstrup et al., 2011). What may
also be the case, is a lack of specificity in examining which cellular and intracellular
membranes were affected. Oxidative stress is known to instigate the release of sev-
eral antioxidant compounds in insects (Holmstrup et al., 2011.) Currently, no other
studies have quantified the activity or expression of bed bug antioxidant enzymes in
response to sub-lethal ozone exposure. In this study I examined the activity of 4
common antioxidant enzymes that are likely used by bed bugs to mitigate oxidative
stress.
41.3 Antioxidant enzymes
1.3.1 Superoxide dismutases (SODs)
Super oxide radicals (02
−) are a natural byproduct of aerobic metabolism and
can lead to cellular damage if present in significant concentrations. Because of the
toxicity of the superoxide anion and its ubiquity in aerobically respiring cells, all
organisms utilizing oxygen or those that exist in an oxygen rich environment contain
some form of SOD. SODs function to reduce damage from superoxide radicals by
disproportioning 02
− to oxygen and, slightly less toxic, hydrogen peroxide. (Rawat
et al., 2014)
1.3.2 Catalases (CAT)
Catalase is a ubiquitous antioxidant enzyme in both aerobic and anaerobic organ-
isms. The enzyme catalyzes the detoxification of hydrogen peroxide. Detoxification is
accomplished by the dismutation of hydrogen peroxide to water and diatomic oxygen.
1.3.3 Glutathione peroxidases (GPx)
Glutathione peroxidase is a selenocystine based antioxidant enzyme that func-
tions primarily on hydroperoxide species. Detoxification of the peroxide substrate is
accomplished by two electron reduction using glutathione as a final electron donor.
1.3.4 Glutathione transferases (GSTs)
GSTs are an important group of extensively studied enzymes that perform a va-
riety of detoxification functions. In cells, GSTs are primarily present in the cytosol
where they facilitate the removal of reactive oxygen species. Removal begins by
catalyzing the conjugation of oxidative toxicants or other xenobiotics to reduced glu-
tathione (GSH). Once conjugated, GSH bound toxicants are removed from cells by
5a variety of cellular mechanisms (Sheehan et al., 2001). GSH conjugation, catalyzed
by GSTs, also reduces hydroperoxides and forms oxidized glutathione (GSSG).
1.4 Neurophysiological impacts
Many pesticides currently used for bed bug control are neurotoxic. My prelimi-
nary research showed that at high concentrations (500-1800 ppm) and short exposure
times (less than 2 h) ozone gas caused a neurological stress in bed bugs that was
characterized by loss of mobility, tremor, and poor coordination (Feston, unpublished
data). Examination of the neurotoxicity and its electrophysiological effect in bed-
bugs specifically is absent in literature. However, electrophysiological effects of other
neurotoxic compounds are well documented in several insect species (Gondhalekar
and Scharf, 2012; Ihara et al., 2006; Keen et al., 1994). Although there is little re-
search concerning the toxicity mechanisms of ozone in insects, there is substantial
research in mammalian systems that suggests a link between neurological activity
and oxidative stress due to ozone exposure. In humans, ozone therapy is a somewhat
popular form of alternative medicine (Elvis and Ekta, 2011). In small therapeutic
doses, ozone stimulates a natural antioxidant response in the body that has been
shown to speed healing after certain injuries (Elvis and Ekta, 2011; Martnez-Snchez
et al, 2012). However, there are reports of adverse reactions to ozone treatment that
include loss of neurological function and damage to the brain when administered im-
properly (Rola´n et al., 2012). Oxidative stress also has a well-known connection with
cellular senescence, mitochondrial apoptosis, and more specifically it is an important
component in the aging and death of neurons (Shehata et al., 2012).
1.5 Goals and Objectives
Currently there is limited research concerning toxicity and sub-organismal impacts
of ozone in insects and none related to bed bugs. Due to this knowledge gap, this
study was designed to explore both ozone-induced mortality in all life stages as well as
6the sub-organismal effects of ozone exposure in adult bed bugs. The specific objectives
of this research were:
Objective 1: Establish lethal concentrations and exposure times required to achieve
complete mortality in various bed bug life stages.
Objective 2: Identifying sub-organismal impacts of ozone exposure on bed bug
adults.
72. BED BUG CONTROL USING OZONE GAS:
ESTABLISHING LETHAL CONCENTRATIONS AND
EXPOSURE TIMES FOR VARIOUS LIFE STAGES
Abstract
New, effective, and eco-friendly control methods are needed to combat the ever-
growing issue of bed bug infestations. Ozone gas has been used effectively against
insects in stored grain situations and has potential as a management option for bed
bug infestations. Advantages of using ozone include the ability to be applied as a
gas, produced on-site, that presents no residual concerns and/or chemical disposal
issues. This research explored the use of ozone as a bed bug control method by
determining the ozone concentration and exposure time in the form of a concentration-
time equation (CT expressed in ppm-min) required to achieve >95% mortality in bed
bugs held in a bench-top chamber. The CT99 for adult bed bugs was 418,301 ppm-
min while the CT99 for nymphs was calculated at 294,212 ppm-min. Eggs were least
susceptible with a CT99 of 2,323,093 ppm-min. This research provides insight into
both the potential and challenges of ozone as a tool for bed bug control either as a
chamber treatment option for certain items or for whole room treatments.
2.1 Introduction
The last decade has seen a continued resurgence of the common bed bug Cimex
lectularius L. Bed bugs are small, rust colored, ecto-parasities of humans and less
frequently, other mammals and birds. Bed bugs are both a nuisance and a health
hazard. They are known for spreading from residence to residence via hitchhiking on
humans and their belongings. Bed bug bites are not definitively known to transmit
8disease (Burton, 1963). However, recent laboratory research suggests that bed bugs
are able to vector the Chagas disease transmitting parasite, Trypanosoma cruzi to
laboratory mice (Salazar et al., 2015). Bed bug bites can cause rash and irritation
as well as significant psychological harm, especially when the afflicted are chronically
infested (Anderson and Leffler, 2008). The exact causes for the return of bed bugs are
debated, but popular theories suggest a strong connection with the discontinuation
of DDT as a treatment in urban pest control. Though an effective indoor residual
spray for many arthropods, environmental concerns, along with growing populations
of resistant insects, led to the 1972 deregistration of DDT in the US, followed by a
continued decline in worldwide usage (Berg, 2009). It is believed that the widespread
use of DDT in the mid 20th century, reduced bed bug populations low enough to be
all but forgotten (Boase, 2008). However, the early 2000's saw the definitive return of
the pest at economically damaging levels and as a public health nuisance (Anderson
and Leffler, 2008; Doggett et al., 2011). Modern control options for many pests have
seen a shift to more progressive integrated pest management (IPM) practices over the
past two or three decades. As expected, the recent resurgence of bed bugs has led
researchers and commercial organizations alike, to explore and develop various con-
trol methods to fill the void left by DDT and a 50 year stagnation in bed bug control
research (Harlan, 2006). These factors, combined with new realities of the modern
era, including increased global travel, necessitate new and creative control methods
(Potter, 2011). Bed bug physiology and behavior present several challenges to those
attempting to control them. Small, flat, and cryptic, bed bugs find harborage in
cracks and crevices on bed frames and throughout human habitations. Compound-
ing their elusiveness, bed bugs are primarily nocturnal by nature and are able to
endure prolonged periods of feeding inactivity (Harlan, 2006; Reinhardt and Siva-
Jothy, 2007; Usinger, 1966). Current methods of control can be effective in some
cases, but the ever-expanding bed bug resurgence necessitates new and creative IPM.
As it stands, commercial repellents remain unproven, and insecticidal sprays, if ef-
fective, reach only those insects that come in contact with the residues (Moore and
9Miller, 2006; Singh et al., 2014). Heat treatments are widely used and can be effective,
but are expensive, time consuming, and require skilled, knowledgeable, applicators
able to prevent thermal refugia or cold spots where bed bugs can survive (Potter,
2011; Potter et al., 2010; Ratnapradipa et al., 2011). Some traditional fumigants are
lethal to bed bugs and can be a useful tool but have several drawbacks including
limited registration for residential use, high cost, health concerns, and the threat of
reintroduction (Koganemaru and Miller, 2013; Phillips et al., 2014). Considering the
current need for novel solutions, ozone, a powerful oxidizing gas used in commercial
odor remediation, pathogenic microorganism control and stored product protection,
may prove to be a valuable tool in combating bed bugs. Ozone, or O3, is the tri-
atomic, highly unstable, form of oxygen found naturally in the upper atmosphere
and can be artificially generated by several methods including UV light and high-
voltage corona discharge. Currently, the efficacy of ozone as a bed bug control option
is poorly documented. Available evidence, featured prominently on the internet, is
often anecdotal and misleading. Ozone is used most commonly in water treatment as
a disinfectant and to break down natural and synthetic compounds below hazardous
levels (EPA, 1999). This is accomplished through direct oxidation of target substrates
by the ozone molecule and indirect oxidation by hydroxyl free radicals that are pro-
duced by ozone decomposition (EPA, 1999). Ozone is capable of killing insects and
it is likely that the oxidative action of ozone leads to contact and respiratory damage
(Chow, 1976). While ozone is a powerful antimicrobial agent, insects are more robust
than microorganisms and considerably higher ozone concentrations are required to
achieve effective control. Ozone has been shown to be lethal to insects at significant
concentrations with mortality greatly dependent on concentration and the length of
exposure. Exposure time and concentration can both be manipulated inversely to
achieve the desired control effect (McDonough, 2010). However, extremes at either
end of the concentration–exposure spectrum are undesirable. In both residential and
commercial settings, ozone at very high concentrations for a short duration can dam-
age electrical equipment and oxidize metallic surfaces (Lee et al., 1996; Poppendieck
10
et al., 2007). Conversely, low concentrations for extended periods of time may not
yield the desired control and may not be logistically feasible in many cases. These
factors may potentially pose a challenge to the future use of ozone as a pest control
option in some situations. Furthermore, data on ozone concentrations and exposure
times required to achieve 100% bed bug mortality are currently unavailable. Thus,
the goal of this research was to establish the lethal concentration and exposure time
combinations of ozone needed for effective control of various life stages of the bed
bug.
2.2 Materials and methods
2.2.1 Ozone production
Ozone was generated by passing 99% pure medical grade oxygen through a corona
discharge ozone generator (Medizone International, Sausalito, CA). Ozone gas then
flowed (0.5 L/min) into an airtight polycarbonate treatment chamber (60 cm × 30 cm
× 30 cm) connected to the ozone generator by flexible tubing (Tygon; 8.5 mm O.D/6
mm I.D). An ozone analyzer (UV-100 UV Ozone Analyzer, 0 to 900 ppm Eco Sensors,
Newark, California) was connected to a sampling port from the top of the chamber.
Ozone was removed from the chamber (0.5 L/min) using suction and destroyed by an
activated carbon filter column. Additionally, a 50mm cooling fan (EC-4510 12V 5000
RPM EVERCOOL, New Taipei City, Taiwan) inside the chamber facilitated gas flow
to ensure equal distribution. For safety, all ozone treatments were performed under
an approved fume hood or with ozone destructive filter columns on all outputs.
2.2.2 Ozone exposure bioassays
Insects were obtained from a laboratory-reared Harlan strain colony. Insects were
maintained in mixed age/sex colonies and fed twice weekly on defibrinated rabbit
blood (Hemostat Laboratories, Dixon, CA). Insects with no prior ozone exposure
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were used for all bioassays. Separate bioassays were conducted with adults, nymphs
and eggs. Each replicate consisted of either 10 mixed aged adults (5 females and 5
males) or mixed-sex nymphs (3rd–5th instar) or 0–3 d-old eggs. Adults and nymphs
fed 72–96 h before each treatment, were separated from the rearing jars and placed in
50 ml centrifuge tubes (BD Falcon, Franklin Lakes, NJ). The centrifuge tubes were
modified by cutting their lower or tapered end and replacing it with a fine plastic
mesh that allowed gaseous exchange within the tube while confining the insects.
The tubes with either insects or eggs were placed in the ozone chamber and treated
with a series of ozone concentrations and exposure times summarized in Table 2.1.
Treatment combinations (concentrations or exposure times) were increased until 100%
mortality was achieved. Three replications were performed for each concentration-
time combination. Untreated controls included similarly aged insects or eggs held in
meshed centrifuge tubes under ambient room conditions (temperature and humidity)
during ozone exposure (21◦C temperature and 40% humidity). Mortality of ozone-
treated and control insects or eggs were checked immediately after the ozone treatment
and every 24 h thereafter up to 72 h. Moribund insects unable to walk or right
themselves were scored as dead.
2.2.3 Data analysis
Concentration and exposure time combinations for each treatment were converted
to CT (concentration time) values by multiplying concentration (ppm of ozone) and
exposure time (min). PROBIT analysis was performed with the 72 h mortality data
in SAS 9.3 to determine CT combination required to obtain 50% and 99% mortality
(CT50 and CT99) (SAS 2011).
2.2.4 Results
Both empirical and theoretical CT50 data suggested that gaseous ozone toxicity
was similar between both adults and nymphs, while the egg stage was more tolerant
12
Table 2.1.
Life stage, concentration, treatment times used
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Fig. 2.1. PROBIT mortality–log CT value curve for C. lectularius
adults. CT50 shown as lines converging at 50% mortality and 144,000
CT.
and required significantly higher CTs (Robertson and Preisler, 1992) (Figures 2.1–3).
Complete mortality of adult bed bugs was achieved empirically with two concentra-
tions of ozone: 800 ppm ozone for 330 min and 1500 ppm for 180 min resulting in
CT products of 264,000 ppm-min and 270,000 ppm-min, respectively. PROBIT anal-
ysis results are somewhat reflective of empirical adult mortality data and estimate a
CT99 of 418,301 ppm-min with a 95% fiducial limit (FL) range of 268,510-1,271,024
ppm-min. Complete mortality of nymphs was achieved empirically at 1500 ppm for
180 min (CT of 270,000 ppm-min). Thus, the theoretical CT99 estimate of 294,212
ppm-min determined by PROBIT analysis was similar to the empirical CT estimate
required to achieve 100% mortality (270,000 ppm-min). Bed bug eggs were the most
resistant life stage and complete mortality was achieved empirically at 850 ppm for
2400 min (2,040,000 ppm-min) representing a significantly higher exposure time, at
a medium ozone concentration, to achieve complete mortality. PROBIT analysis
predicts a CT99 of 2,323,093 with a 95% FL between 1,404,160-5,450,432 ppm-min.
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Fig. 2.2. PROBIT mortality–log CT value curve for C. lectular-
ius nymphs. CT50 shown as lines converging at 50% mortality and
108,000 CT.
Fig. 2.3. PROBIT mortality–log CT value curve for C. lectularius




The results of this study showed that comparable concentrations and times are
suitable for killing bed bug adults and nymphs. Complete mortality of adults and
nymphs can be achieved with exposure to 1500 ppm ozone concentration for 180
min or a CT product of 270,000 ppm-min. However, this exposure is not sufficient
for 100% mortality of bedbug eggs. Our results showed that achieving complete egg
stage mortality requires a CT of at least 2,040,000 ppm-min (approx 850 ppm ozone
for 40 h). These baseline mortality data are critical for future research efforts on
development of ozone as a method bed bug control.
2.3.1 Species and life-stage specific differences in ozone toxicity
Currently, there are no other studies assessing ozone induced bedbug mortality.
However, studies with lepidopteran and coleopteran stored grain insect pests (Kells
et al., 2001; McDonough, 2010; McDonough et al., 2011), show that there is sig-
nificant variation amongst insect life stages and between species. A study of ozone
CT products for adult lepidopteran and coleopteran pests (Plodia interpunctella, Tri-
bolium castaneum, Sitophilus zeamais) reveals that Plodia interpunctella required the
smallest CT product to achieve 100% mortality (30,000 ppm-min) perhaps due to
increased oxygen demand and respiration rate caused by flight (Henry and Harrison,
2014; Rasco´n and Harrison, 2005). Tribolium castaneum and Sitophilus zeamais both
required significantly higher CT products (216,000)(McDonough et al., 2011). My
research has shown that adult bed begs require significantly higher CTs (270,000)
than Plodia interpunctella and are more comparable to Tribolium castaneum and
Sitophilus zeamais. While it is difficult assess the exact causes of differential mortal-
ity in response to CT, some species related CT differences may be explained by body
mass, respiration rate, and/or oxidative stress response. My research has also shown
consistency with the variation in CT requirements for various life stages observed
in previous studies and the significantly higher CTs required for egg mortality are
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consistent with other insects (McDonough, 2010; McDonough et al., 2011). While
eggs required much higher CT products, nymph and adult mortality was similar.
These results, however, are not unexpected. Bed bugs are hemimetabolous insects
and differences between late stage nymphs and adults are primarily reproductive in
nature. This study used 3rd-5th instar nymphs whose body size and structure is near
that of an adult. In eggs, the very high CT products required for mortality may
have a morphological basis somewhat unique to eggs of bed bugs and reduviidae.
Investigation of egg structure and respiration by Wigglesworth in the 1950's revealed
distinct structural similarities between Rhodnius spp. (Kissing bugs) and bed bug
eggs. Eggs of both species consist of a gas impermeable outer chorion and respiratory
gas exchange takes place almost entirely through the egg cap. To reach the embryo,
atmospheric oxygen must diffuse through the cap and its sealing structures. Once dif-
fused through the cap, air must then diffuse through another layer of spongy matrix
containing pseudo-micropylic structures that do not fully penetrate to the embryo.
The spongy matrix then leads to a plenum-like film of air surrounding the developing
insect (Baker et al., 2013; Hinton, 1969; Wigglesworth and Beament, 1950). The
oxidative behavior of ozone would suggest that, due to the number of diffusion events
required to reach the embryo, as well as the large reactive surface area provided by the
pseudo-micropyles, ozone is likely reacting readily with egg structures before reaching
the embryonic insect at significantly toxic levels.
2.3.2 Practical considerations for use of ozone as a bed bug control method
Ozone is commonly used in water treatment operations as well as odor and mi-
croorganismal remediation. Effective concentrations in these settings are extremely
low (Concentrations <1 ppm and exposure times <10 min). Treatment targets at this
level are easily attainable by ozone generators available for residential and commer-
cial use but insect control requires significantly higher CT products. Nevertheless,
with the resurgence of bed bugs, numerous sources online make broad claims about
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the efficacy of ozone for controlling these and other urban pests. These claims are
unsupported and my research, along with studies of other insects (McDonough, 2010;
McDonough et al., 2011), do not support the efficacy of low concentration treatment.
However, the potential value of high concentration ozone treatment when used as
part of an IPM strategy has yet to be fully explored. Currently, several pesticides
are providing adequate control of bed bugs when available and applied properly, how-
ever, resistance is a concern for the lifespan of any insecticide product, particularly
pyrethroids. Pyrethroid based insecticides are commonly used by pest control firms
and are also widely available, over-the-counter, to consumers. While still effective
in many areas, an increasing number of studies reveal that resistant populations are
on the rise (Bed Bugs Resistant to Pyrethroid Insecticides, 2006; Davies et al., 2012;
Romero et al., 2007). Although available, fumigants such as sulfuryl are not com-
monly used for bed bug control (Phillips et al., 2014). Resistance is also a concern
with any fumigant. Little information is available for sulfuryl fluoride resistance in
any insect, but phosphine currently presents some challenges in stored grain insect
control (Nakakita and Winks, 1981; Sousa et al., 2009). It is in scenarios like phos-
phine resistant stored grain pests, that ozone could provide a practical alternative to
avoid resistance-associated control failures. With respect to bed bugs, widespread re-
sistance to most pyrethroid insecticides presents a challenge for their effective control
(Romero et al., 2007; Zhu et al., 2010; 2013). Thus, in situations or accounts where
pyrethroid use is not feasible, portable ozone chambers may provide an alternative
treatment option for bed bug infested items and furniture. While ozone leaves no
toxic residues, there are certain aspects of the gas that warrant consideration before
its selection as a treatment. Unlike phosphine or sulfuryl fluoride, ozone has a poor
penetration potential. Ozone molecules are extremely unstable and react instanta-
neously with most surfaces making penetration into materials primarily superficial
(EPA, 1999; Lee et al., 1996; Poppendieck et al., 2007). Despite its poor penetra-
tion and rapid breakdown, other studies have found that sufficient penetration and
effective concentrations are achievable after all surfaces have been exposed and thor-
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oughly reacted. While ozone's powerful oxidative properties make it incompatible
with certain reactive materials such as rubbers and some plastics (Poppendieck et
al., 2007), the gas holds some future promise in situations involving objects such as
mattresses or furniture that can be held in a gas tight portable chambers for ex-
posure. Additionally, ozone may have a place in treatment situations where heat
treatment is impractical, chemical residue is undesirable, and traditional insecticides
are unavailable or resistance problems preclude their use.
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3. SUB-ORGANISMAL IMPACTS OF OZONE
EXPOSURE ON ADULT BED BUG (CIMEX
LECTULARIUS)
Abstract
The mechanisms of ozone toxicity in insects are poorly understood. Ozone is a
highly reactive gas capable of oxidizing many biological substrates including microbial
cell walls. However, many insects, bed bugs included, feature a thick, waxy, cuticle
that provides a substantial external barrier against the direct entry of gas into the
insect body. It is more likely that ozone is taken into the tracheal system during
respiration where it damages the tracheal tissue and is absorbed and transported
through the body of the insect potentially affecting various organ systems including
the central nervous system. Ozone-exposed bed bugs display several symptoms of
intoxication that include twitching, disorientation, and general loss of motor func-
tion, all ostensible signs of neurological dysfunction. In this study, I elucidate the
potential downstream effects of sub-lethal ozone exposure in bed bugs. To this end,
I performed a two-part study that evaluated the impacts of ozone-exposure by: (i)
determining antioxidant enzyme activities by assaying for the specific activity of 4
known antioxidant enzymes( Superoxide dismutase (SOD), Glutathione transferase
(GST), Glutathione peroxidase (GPx), Catalase (CAT)) (ii) measuring the baseline
electrical activity of the central nervous system using electrophysiological recording
equipment. The results of these sections showed that cytosolic specific activities of
both SOD and CAT were significantly higher than control insects (p=0.05). GPx and
GST did not show significantly elevated specific activity. Baseline electrical activity




An expanding body of research concerning the ozone-induced mortality patterns in
microorganisms and its sub-lethal effects on mammals continues to offer insights into
the exact mode of action of ozone. However, for insects specifically, research focused
on sub-organismal impacts of ozone is less abundant. In insects, the strong oxidative
potential of ozone is the likely cause of toxicity at significantly high concentrations.
Though exponentially less reactive, dioxygen is a ubiquitous component in the major-
ity of environments on earth. Thus, nearly all organisms in the aerobic environment
are evolutionarily equipped to endure the stresses of oxidation required for aerobic
cellular respiration. It is likely that the mortality observed in ozone-exposed microor-
ganisms and insects is the result of a suite of oxidative effects following the failure
of overwhelmed natural antioxidant mechanisms. The mitigation of oxidative stress
in insects is accomplished by both behavioral and biochemical means. Discontinuous
respiration, a behavioral response in the presence of ozone, has been suggested as a
form of protection in insects. Studies using moths have shown that discontinuous res-
piration, in which the degree and duration of spiracle opening can be controlled, is an
evolutionary response to not only desiccation, but also is mechanism by which insects
can mitigate the uptake of irritating and toxic compounds and minimize their expo-
sure to excessive oxidative damage (Bhatia, 1969; Hetz and Bradley, 2005; Matthews
et al., 2012; Woodman et al., 2008). Discontinuous respiration cannot, however,
completely eliminate insect exposure to damaging reactive oxygen species (ROS) re-
sulting from ozone exposure. Therefore, biochemical processes must counteract the
oxidative stress induced by the remainder of ozone and ROS that are absorbed into
the insect body through the spiracles. Antioxidant enzymes are a ubiquitous fea-
ture of nearly all organisms dependent on aerobic respiration. These enzymes not
only play a critical role in mitigating oxidative stress produced by cellular respira-
tion, but also are components of physiological pathways that have evolved to detoxify
xenobiotic compounds. Oxidative effects have been reported for various insecticides
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including organophosphates, organochlorines, and pyrethrin/pyrethroids (Abdollahi
et al., 2004) It is clear that oxidative stress damages cells. However, a number of
mammalian studies show that oxidative stress, specifically from ozone, is damaging
to the nervous system. Thus, damage to the nervous system appears to be a signif-
icant factor in ozone induced toxicity and mortality. Within the body, ozone breaks
down very quickly. In rats, ozone and the resulting ROS from its breakdown are
detoxified within 30 min of intravenous application. The tracheal respiratory system
in insects however may facilitate the rapid movement of intact ozone and ROS directly
to nervous tissue when administered in significantly high concentrations. Damage to
nervous tissue occurs when lipid peroxidation disrupts the normal function of neu-
ronal membranes (Holmstrup et al., 2011; Lin et al., 2011; Sen et al., 2006). Although
currently there are no available insect studies, nervous system damage has been ob-
served in rats using electrophysiological techniques (Lin et al., 2011). In this study,
I focused on two potential effects of sub-lethal ozone exposure in bed bugs. Firstly,
I quantified the specific activity of four ubiquitous antioxidant enzymes: Super oxide
dismutases (SOD), catalases (CAT), glutathione transferases (GST), and glutathione
peroxidases (GPx). The second aim of this study was to use electrophysiological
techniques to compare the baseline nervous activity levels between untreated and
ozone-exposed adult bed bugs.
3.2 Materials and methods
3.2.1 Ozone production
Ozone was generated by passing 99% pure medical grade oxygen through a corona
discharge ozone generator (Medizone International, Sausalito, CA). Ozone gas then
flowed (0.5 L/min) into an airtight polycarbonate treatment chamber (60 cm × 30 cm
× 30 cm) connected to the ozone generator by flexible tubing (Tygon; 8.5 mm O.D/6
mm I.D). An ozone analyzer (UV-100 UV Ozone Analyzer, 0 to 900 ppm Eco Sensors,
Newark, California) was connected to a sampling port from the top of the chamber.
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Ozone was removed from the chamber (0.5 L/min) using suction and destroyed by an
activated carbon filter column. Additionally, a 50mm cooling fan (EC-4510 12V 5000
RPM EVERCOOL, New Taipei City, Taiwan) inside the chamber facilitated gas flow
to ensure equal distribution. For safety, all ozone treatments were performed under
an approved fume hood or with ozone destructive filter columns on all outputs.
3.2.2 Bed bug rearing and ozone exposure
Insects were obtained from a laboratory-reared Harlan strain colony. Insects were
maintained in mixed age/sex colonies and fed twice weekly on defibrinated rabbit
blood (Hemostat Laboratories, Dixon, CA). Enzyme bioassays were conducted with
mixed sex and age adult beds in a 1:1 ratio. Each replicate consisted of 30 insects
starved for a minimum of 1 week. Once separated from the rearing jars, each 30
insect replicate was placed in a 50 ml centrifuge tube. The centrifuge tubes were
modified by cutting their lower or tapered end and replacing it with a fine plastic
mesh. The plastic mesh allowed gaseous exchange within the tube while confining
the insects. The tubes with insects were placed in the ozone chamber and treated
with an ozone dose equivalent to the CT50 (107,003 ppm-min) established for adult
bed bugs. (Table 2.1.). Control insects were held outside of the chamber in identical
tubes under ambient room conditions (21◦C temperature and 40% humidity) for the
duration of the treatment.
3.2.3 Sub-cellular fractionation and isolation
Ozone-treated and control insects were homogenized and the homogenate was
subjected to differential centrifugation for isolation of mitochondrial and cytosolic
fractions (Gondhalekar, 2011). For each replicate, 30 adult bed bugs were homoge-
nized separately in 3 mL sodium phosphate buffer (pH 7.15, 0.10M). Homogenizations
were performed using glass mortars and teflon pestels (Wheaton, UK) driven by a
1/10 hp BDC 2010 electric overhead stirrer (Caframo, Onterio CA). The homogenate
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was filtered through double-layered cheesecloth to remove cuticular debris. The ho-
mogenate was then centrifuged at 1100 × g for 10 min at 4◦C. The supernatant was
filtered through glass wool into fresh tubes and centrifuged at 16,000 × g for 10 min
at 4◦C. The resulting supernatant (Cytosolic fraction) was retained in fresh tubes.
The walls of the tube containing the remaining pellet (mitochondrial fraction) were
carefully wiped clean with Whatman no. 1 filter paper and the pellet was resuspended
in 0.5 mL sodium phosphate buffer. In preparation for calculating specific activity for
each antioxidant enzyme assay, all samples were subject to a total protein estimation
assay using the Bradford method (Bradford, 1976) and stored at -80◦C.
3.2.4 Antioxidant enzyme assays
Activities of four oxidative stress associated enzymes (SOD, CAT, GPx and GST)
were determined using model substrates in untreated (control) and ozone-exposed bed
bug adults.
Superoxide dismutase Assay
Superoxide dismutase (SOD) activity was determined using SOD assay kit (Cay-
man chemical company, Ann Arbor, MI). Manufacturers instructions were followed
for performing the enzyme assay. In brief, xanthine oxidase was used to create su-
peroxide radicals which served as a substrate for SOD as well as a reducing agent
for tetrazolium salts. A standard curve for this assay was obtained using a series
of diluted bovine erythrocyte SOD (Cu/Zn). Each standard well of a 96 well plate
contained a 10µl of bovine SOD in 200µl of tetrazolium salt solution (radical de-
tector). All sample wells consisted of 10µl enzyme (cytosolic or mitochondrial) and
200µl radical detector. The reaction was initiated using 20µl of Xanthine Oxidase
added to each well of both standards and samples. SOD activity was quantified by
observing the absorbance changes of the samples at 440-460nm and comparing to the
linearized rate of the standard curve. SOD activity was expressed in units of SOD
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activity where 1 unit is the amount of enzyme needed to exhibit 50% dismutation of
the superoxide radical at 24◦C. Specific activity was calculated using units of SOD
activity relative to protein concentration of each sample (nmol/min/ml/mg).
Catalase Assay
Catalase (CAT) activity was also measured by using a commercially available kit
(Cayman Chemical Company, Ann Arbor, MI). The assay procedure involved the use
of a hydrogen peroxide substrate with which CAT reacted. Reduction of hydrogen
peroxide by CAT in presence of methanol resulted in formation of formaldehyde.
Further, the addition of chromogen 4-amino-3-hydrazino-5-mercapto-1,2, 4-triazole
(Purpald) reacted with aldehydes to produce bicyclic ring structures, which, upon
oxidation, caused an absorption change that was measured spectrophotometrically
at 540 nm. A standard curve for this assay was obtained using a series of diluted
formaldehyde standards. Each standard well on a 96 well plate contained 100 µl of
potassium phosphate buffer (pH 7.0), 30 µl of methanol, and 20 µl of formaldehyde
standard. Sample wells contained 100 µl of potassium phosphate buffer (pH 7.0), 30
µl of methanol, and 20 µl of sample. Reactions were initiated with the addition of
hydrogen peroxide and were further incubated for 20 min at 24◦C. At the end of the
incubation period, reactions were terminated with the addition of 30 µl of potassium
hydroxide to each well followed by the addition of 30 µl of Purpald. Absorbance
at 540 nm was used to determine a reaction rate for the formaldehyde standards.
CAT activity was expressed as units of CAT activity where one unit is the amount
of enzyme that will cause the formation of 1.0 nmol of formaldehyde per min at
24◦C. Specific activity was calculated using units of CAT activity relative to protein
concentration per sample (nmol/min/ml/mg).
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Glutathione peroxidase Assay
As with SOD and CAT, glutathione peroxidase (GPx) assay was performed using a
Cayman kit (Cayman Chemical Company, Ann Arbor, MI). The GPx assay measures
enzyme activity indirectly using a coupled reaction of GPx and glutathione reductase
(GR). Available GPx in the sample reduces hydroperoxide resulting in formation of
oxidized glutathione (GSSG). GSSG is then recycled to its reduced state by GR and
NADPH. A decrease in absorbance at 340 nm is monitored spectrophotometrically
following the oxidation of NADPH to NADP. To determine GPx activity, 100 µl
of supplied Assay Buffer (50 mM Tris-HCl, pH 7.6, containing 5 mM EDTA) was
added to each sample well of the 96 well plate. To each of these wells, 10 µl of
sample and 50 µl of a supplied mixture of NADPH, glutathione, and glutathione
reductase were added. Additionally, non-enzymatic background wells contained 120 µl
of Assay Buffer and 50 µl of NADPH, glutathione, and glutathione reductase mixture.
The reaction was initiated with the addition of 20 µl of cumene hydroperoxide and
absorbance was read at 340 nm for 5 min at 24◦C. The calculation of GPx activity is
a function of absorbance over time where activity of the non-enzymatic background is
subtracted from the sample rate. GPx activity was expressed in units of GPx activity
where one unit is the amount of enzyme that will cause the oxidation of 1.0 nmol
of NADPH to NADP per min at 24◦C using the NADPH extinction coefficient of
0.00373 µM−1. Specific activity of GPx was calculated using units of GPx activity
relative to total protein concentration per sample (nmol/min/ml/mg).
GST Assay (Habig et al., 1974)
The function of GST is the result of a reaction between reduced glutathione (GSH)
and an electrophyllic substrate. The nucleophilic addition of GSH to substrate leads
to the formation of polar conjugates (Booth et al., 1961). In this assay, 1-chloro-2,
4-dinitrobenzene (CDNB) (Sigma Aldrich) was used as a substrate and GST activity
was calculated using the change in absorbance per min at 340 nm. The calculation of
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GST activity is a function of change in absorbance over time where activity of the non-
enzymatic background is subtracted from the sample rate. To determine GST activity
10 µL of sample and 225 µL sodium phosphate buffer (0.1 M, pH 7.5) containing 1 mM
CDNB and 5 mM of freshly prepared reduced GSH were added to each well. Control
wells were prepared identically with the absence of GSH. GST activity was expressed
in units of GST activity where one unit of enzyme will conjugate 1.0 nmol of CDNB
with reduced glutathione per min at 24◦C using the CDNB extinction coefficient of
9.6 mM/cm. Specific activity is expressed as units of GST activity relative to total
protein concentration per sample (nmol/min/ml/mg).
3.2.5 Neurophysiology
Neurophysiology equipment
The electrophysiology recording station followed the hardware setup used by
Gondhalekar and Scharf, 2012. The unit consisted of 3 electrodes used for recording,
reference, and ground. The ground electrode consisted of a #2 steel insect pin (Cat-
alog #1208B2 BioQuip Products, Rancho Dominguez, CA) held in a common pin
vise (162A Pin Vise, The L.S. Starrett Company Athol, MA). Recording and refer-
ence electrodes consisted of suction electrode holders (Warner Instruments Cat. No.
64-1035, Hamden, CT), holding 4 cm lengths of 0.5-mm-diameter gold wire (World
Precision Instruments; Sarasota, FL). Recording and reference electrodes were fitted
within 1.0-mm borosilicate capillary tubing (World Precision Instruments) pulled to
a pointed tip with a PC-10 capillary puller (Narishige, Japan). Recording, reference
and ground electrodes were connected via capacitance compensation headstage (Da-
gan Inc. Model 4001. Minneapolis, MN) and a Hum Bug 50/60 Hz Noise Eliminator
(Quest Scientific Instruments Inc., North Vancouver, BC, Canada) to a model EX-1
differential amplifier (Dagan). Computerized digitizing hardware (PowerLab/4SP;
ADInstruments, Milford, MA) was used to interface the amplification setup with
electrophysiology chart recording software (Chart version 3.5.7; ADInstruments).
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Insect preparation
For each replication, 10 adult male and female bed bugs (1:1 M/F) from the colony
were exposed to the CT50 of ozone (107,003 ppm-min) established in Chapter 2. Post
treatment, the insects were given a 15 min recovery period after which dead insects
were discarded, and symptomatic insects exhibiting twitching, convulsion, and ataxia
were chosen for recordings. Each experimental bed bug was dissected via a longi-
tudinal incision from the dorsal abdomen to thorax followed by another latitudinal
incision across the wing pads. Abdominal contents were removed followed by the
application of physiological saline (185 mM sodium chloride, 10 mM potassium chlo-
ride, 5 mM calcium chloride, 5 mM magnesium chloride, 5 mM HEPES sodium salt,
and 20 mM glucose; pH 7.1 (Gondhalekar and Scharf, 2012)) This dissection exposed
the ganglionic mass (a fusion of the abdominal and thoracic ganglion) located in the
metathoracic region (Usinger, 1966). Pinning of the dorsally exposed insect allowed
neurophysiolgical recordings to be initiated by positioning the recording electrode
into contact the ganglionic mass. Reference and ground electrodes were placed in
the saline filled body cavity. Electrical activity in the central nervous system was
recorded for 10 min following established protocols (Bloomquist et al., 1991, 1992;
Scharf and Siegfried 1999; Durham et al., 2001; Song and Scharf 2008; Gondhalekar
and Scharf, 2012). Recordings of spontaneous baseline electrical activity for each
preparation were obtained through the Chart software (Chart version 3.5.7; ADIn-
struments). The threshold function was set between 2 to 4 mV and sensitivity was set
for each sex and held consistent for all treatments and controls of that sex. Within
the software, a counter function was used obtain counts per min (cpm) data that
represented spontaneous electrical bursts surpassing the set threshold. Recordings
for 10 treated and 10 control adult bed bugs (5 males and 5 females) were obtained
and the cpm data for treated and control insects were compared statistically using a
non-parametric Mann-Whitney U test at the p <0.05 significance level.
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3.3 Results
3.3.1 Antioxidant Enzyme Activity
Catalase specific activity in the cytosolic fraction was nearly 50% greater in ozone-
treated insects than controls (p<0.05; Mann-Whitney U test). Mitochondrial CAT
activity was also slightly higher in treated insects, but it was not significantly dif-
ferent from specific activity in controls (p=0.05). As compared to the control bed
bugs, cytosolic superoxide dismutase activity was 80% higher in the ozone-exposed
insects (p=0.05). Activity of SOD was not detected in the mitochondria. Similar to
the trend observed for CAT and SOD, cytosolic GPx activity was higher in treated
insects. However, this difference was not statistically significant (p=0.275). Simi-
lar levels of mitochondrial GPx activity were detected in treated and control insects
(p=0.513). Glutathione transferase activity was identical between control and treated
insects in both cellular fractions (p=0.512) for cytosolic fraction and p=0.275) for
mitochondria). Specific activity of the four enzymes assayed are presented in Figure
3.1(A–D)
3.3.2 Comparison of baseline nervous activity in control and ozone-exposed
insects
Neurological recordings were made to quantify the frequency of electrical bursts
above a set threshold (2 to 4 mV). Each recording was made from a distinct prepara-
tion and some variation was observed between preparations. However, overall baseline
activity of male and female control insects (as represented by counts per min above
threshold) was not significantly different (p=0.117). Both male and female neuro-
logical activity data varied significantly between control and treated insects (Males
p=0.016, Females p=0.028). When the male and female data was pooled within
control and ozone-exposure treatments, insects treated with sub-lethal concentration
of ozone exhibited significantly lower spontaneous electrical activity than their con-
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Fig. 3.1. Figures showing specific activities of four antioxidant en-
zymes (Catalase, Superoxide dismutase, Glutathione peroxidase and
Glutathione transferase in two sub-cellular fractions of control and
ozone-exposed bed bugs. Asterisks above bars indicate statistically
different enzyme activity levels between two treatments ((p<0.05);
Mann-Whitney U test). In all graphs error bars indicate (±) SE
(standard error) values.
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Fig. 3.2. Shows the average counts per min of spontaneous electrical
activity (in thousands of counts per min) in ozone-treated and control
insects (male and female data pooled) recorded from the ganglionic
mass of the bed bug central nervous system.
trol counterparts (p=0.019) Results of the average counts per min of spontaneous
electrical activity (pooled male and female data) presented in Figure 3.2.
3.4 Discussion
3.4.1 Stress induced antioxidant enzyme activity
The results of this study revealed a significant increase in SOD and CAT enzyme
activities in ozone-exposed bed bugs. In contrast, only a slight increase in GPx and
GST activity was observed after ozone exposure. Severe oxidative stress is known to
intiate a cascade of antioxidant response that includes SOD, CAT, GPx and GST.
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The role of SOD, CAT, GPx, and GST is well defined in many organisms. During
normal cellular respiration, the electron transport chain (ETC) is responsible for
detoxifying constitutive levels of detrimental oxidative elements: Superoxide (O2
−)
and hydrogen peroxide. Highly reactive superoxide radicals are formed as a result of
electron transport between complex II-III and damaging concentrations of hydrogen
peroxide result from the inefficient reduction of O2 to H2O at complex IV (Judge et
al., 2005). If left unchecked, both ROS are capable of causing significant damage to
DNA and cellular macromolecules (Kim et al., 2011). Thus, in all aerobic organisms,
the need for mitigation of oxidative stress is manifold and the antioxidant response to
both endogenous and exogenous sources of oxidative stress is of critical importance. In
plant systems, ozone pollution has been shown to increase ROS concentrations within
plant tissues resulting in increases in SOD activity (Camp et al., 1994; Jung et al.,
1994; Ueda et al., 2013) In mammals, antioxidant enzymes such as SOD and CAT, are
known to quickly reduce damaging ROS generated by intravenous injection of ozone
(80 µg/ml)(Lin et al., 2011). Ozone is a source of a variety of ROS and is known to
generate the superoxide anion (O2
−) in the presence of atmospheric nitrogen (Sutton,
1984). It is for this reason that superoxide scavenging SODs are one of the first lines
of defense against ozone-induced oxidative stress (Li et al., 2011). In this study,
the first-response role of SOD was consistent with a significant increase in activity
over controls (Figure 3.1B). Exogenous and constitutive superoxide anions are rapidly
dismutated by SOD to, slightly less harmful, hydrogen peroxide. The production of
hydrogen peroxide resulting from the action of SOD on superoxide anions, explains
the higher CAT activity detected in ozone-exposed insects. Catalases are known to
reduce hydrogen peroxide to oxygen and water. Contrary to expectation, significant
GPx and GST activity in ozone treated bed bugs was not observed. There are several
possible explanations that bear consideration for these observations. First, there is
a significant overlap in antioxidant reactions catalyzed by GPx, GST and CAT. All
three of these enzymes are capable of detoxifying hydrogen peroxide (Sheehan et al.,
2001; Yoshida et al., 2011). However, the levels of hydrogen peroxide resulting from
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ozone-exposure or SOD action on superoxide radicals may not be high enough to
cause upregulation of all three enzymes that reduce hydrogen peroxide. Secondly,
high concentrations of hydrogen peroxide can lead to lipid peroxidization of cellular
membranes and a subsequent increase in lipid hyroperoxide scavanging GPx and
GST enzymes (Kazuhiro et al., 2000; Li et al., 2011; Sen et al., 2006). Since both
enzymes use lipid hydroperoxide substrates, it is likely that their combined action may
have limited my ability to see significant differences in either GPx or GST activity in
untreated and ozone-exposed insects. Thirdly, because SOD and CAT are responsible
for initial detoxification of ozone-induced ROS, and GPx and GSTs are presumably
downstream components of the antioxidant response, it is possible that my current
protocol (exposure time and concentration) are not optimized to observe GPx and
GST activity changes. Thus, overall, it is possible that induced SOD and CAT activity
is sufficient to eliminate ROS before lipid peroxidation damage occurs. Lastly, it is
also possible that (i) ROS were eliminated quickly enough that lipid peroxides enzyme
activity remained below observable levels or (ii) lipid peroxidation concentrations
failed to reach an induction threshold before metabolic processes slowed or ceased in
dying insects.
Another study conducted with Tribolium castaneum reported the effects of ozone
treatment on antioxidant gene expression and lipid composition (Holstrump et al.,
2011). Contrary to expectations, the researchers did not observe any up-regulation
of antioxidant genes. Similarly, they reported only slight lipid peroxidation caused
by ozone exposure. One possible explanation suggested by the authors was that the
exposure time (40 h) they used at 40 ppm ozone concentration was too long and
that their experimental design missed the window of time where antioxidant gene
upregulation may have occurred.
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3.4.2 Stress induced neurological activity
Ozone is a potent oxidizer and important environmental pollutant. Adverse effects
of ozone as a pollutant on both plants and animals are well documented. Addition-
ally, a large body of research concerning the therapeutic use of ozone also contributes
to our knowledge of sub-organismal impacts of ozone in biological systems. Both of
these sources provide insight into the link between ozone exposure and neurological
dysfunction. The central nervous system (CNS) of the bed bug is composed of a
dorsally located brain and a ventral nerve cord that includes a substantial thoracic
ganglionic mass connected to a branching peripheral nervous system. The likelihood
of the bed bug nervous system as an important target for ozone is supported by
the suppression of spontaneous electrical activity in bed bugs that I observed in this
study. The CNS is a sensitive system that is likely the target site for ozone and asso-
ciated ROS. The CNS of mammals has been shown to be adversely affected by ozone
induced ROS that compromise the function of both neuronal-mitochondria and the
blood brain barrier (BBB). Damage to the latter is the source of a host of neurolog-
ical disorders (Mart´ınez-lazcano. et al., 2013). Electrophysiology-based studies have
been used extensively to observe neurophysiological effects of pesticides and other
neurotoxic substances with success. However the use of this technique is a unique
method to quantify CNS dysfunction in insects exposed to sub-lethal concentrations
of ozone. A critical difference between this and past electrophysiology studies is that
the standard method for measuring neurotoxicity of pesticides uses a single dissected
insect for measuring spontaneous nervous activity before and after application of an
insecticide. Neuroexcitation or suppression is then quantified as a deviation from a
baseline at a set threshold. To replicate such a methodology for ozone exposure would
necessitate the ozonation of physiological saline (HEPES-buffered saline) and its ap-
plication to the insect preparation after initial recording of the baseline activity. This
method was not used in this study in favor of a more realistic ozone exposure method
that mimcs exposure of insects to atmospheric ozone in a sealed chamber followed
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by neurophysiology recordings. My results with this modified technique showed that
the baseline electrical activity of male and female CNS was not significantly different
(p=0.117) and thus I pooled the data for both sexes. Nervous activity in pooled adult
bed bugs was significantly lower in ozone treated bed bugs when compared to control
bed bugs (p=0.019). Although these electrophysiology results are consistent with
the expectation of CNS dysfunction and neuroinhibition, the methodology used for
ozone-exposure and nervous activity recordings, more closely reflects the downstream
effects of ozone exposure in insects rather than its direct effects on the insect nervous
system. However, the general suppression of neurological activity does suggest sev-
eral possible mechanisms for ozone-induced mortality. These include anoxia, neuronal
mitochondrial damage, and breakdown of the blood brain barrier (BBB). While the
decomposition of ozone in high concentrations causes a rise in oxygen level, somewhat
paradoxically, it is possible that the depressed nervous activity observed in this study
was the result of anoxic conditions. Various insects are known to selectively close spir-
acle openings in the presence of toxic compounds as well as to reduce oxidative stress
(Bhatia, 1969; Hetz and Bradley, 2005; Matthews et al., 2012). A study of ozone ex-
posure on the respiration rate of several beetle species shows a decline in respiration
in the presence high ozone concentrations (Lu et al., 2009). An ozone induced anoxic
condition may be a contributing factor to ozone related mortality and may partly ex-
plain the suppression of nervous activity observed in this study. Severe anoxia within
the insect body creates unfavorable conditions for normal neuronal activity (Zandt
et al., 2011). Oxygen deprivation in mammals, can lead to neuronal cell damaged
and death within 30-60 seconds (Zandt et al., 2011). While likely, it is unknown if
bed bugs exhibit a pattern of discontinuous respiration in the presence of ozone and
if they do, it is also unknown at what point, if at all, that the stressed insects reopen
their spiracles. If they do display this behavior, it is likely that reopening of the
spiracles and tracheal system would coincide with the exigent expulsion of excessive
carbon dioxide (CO2) produced within the body as a result of cellular respiration
(Hetz and Bradley, 2005; Matthews et al., 2012) or with morbundity resulting from
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either anoxia or extreme oxidative stress. As an important environmental pollutant,
ozone studies in humans have shown that at select low dosages, humans experience
alterations in CNS function including lethargy and motor function impairment. Addi-
tionally alterations in cell functions, including mitochondrial damage, were observed
in conjunction with increased levels of lipid hydroperoxides resulting from hydrogen
peroxide (Mart´ınez-lazcano et al., 2013; Rola´n et al., 2012). Previous studies have
shown mitochondrial damage, caused by direct application of formic acid, to be a
source of significant neuro-excitation in the nervous system of larval diptera (Song
and Scharf, 2008). My results, however, showed a depression of neurological activity
after inhaled ozone treatment. This result may be due to a difference in the applica-
tion method (direct application vs. inhaled) and the time–frame in which ozone was
applied and the recordings were taken. The treatment method I used necessitated a
gap of 10-15 mins between treatment and recording. While ozone may have neuro-
excititory effects during treatment, my results represent the apparent downstream
consequences of exposure which, in conjunction with the potential breakdown of the
BBB, is a likely explanation for my observations.
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4. SUMMARY
The resurgence of bed bugs in the 21st century was an unexpected challenge. The
sudden increase in bed bug activity has created a renewed interest in understanding
the biology and management options for this pest. With a plethora of research, our
understanding of this issue continues to grow and bed bug control options used in the
context of integrated pest management (IPM) continue to evolve. In recent history,
small commercial ozone generators have been touted as a panacea to the reemerging
bed bug problem. However, these claims are often overstated and unrealistic, often
times claiming complete control in very short periods of time with low output gen-
erators. The findings of my research may help dispel some of the more hyperbolic
claims of pest control using ozone while, at the same time, grounding some of its
actual potential. In this study, I found that ozone induced mortality in all life stages
is indeed possible under laboratory conditions using high concentrations and long
exposure times. Historically, the egg stage of many insects is the most resistant to
traditional fumigants and pesticides (Baltaci et al., 2009; Bell and Savvidou, 1999;
Nakakita and Winks, 1981; Sousa et al., 2009). As expected, and based on other
insect models, adult and nymph stages of bed bugs required significantly less CTs
(concentration x time products expressed in ppm-min) of ozone exposure than eggs.
Further development of ozone as an IPM control strategy for bed bugs would warrant
considerations associated with the resiliency of eggs to ozone exposure. The CTs
required for eggs are large (2,040,000 ppm–min) and unfeasible for practical bed bug
control. However, egg resistance in other species to traditional fumigants is com-
mon and can be overcome by timing re-treatment to coincide with the emergence of
nymphs (Baltaci et al., 2009; Bell and Savvidou, 1999; Phillips et al., 2014). Another
important consideration when using ozone is its corrosive potential and its lack of
penetration into materials (EPA, 1999; Lee et al., 1996; Poppendieck et al., 2007).
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These properties combined with the significant ozone concentrations required for bed
bug mortality, will likely preclude its use as a whole-room treatment option. While
unlikely to provide control in whole rooms or for all items, ozone could prove useful
in a controlled situations such as sealed containers or chambers in which bed bug
infested items could be treated. Because ozone does not leave any toxic residues and
its classification as GRAS (generally recognized as safe) (EPA, 1999), ozone may pro-
vide a useful alternative for use in schools, hospitals, and any other sensitive accounts
where pesticide application is largely restricted. Additionally, the use of ozone in
places such as hospitals or schools may also provide the secondary benefit of odor
and microbial remediation (EPA, 1999; Iwamura et al., 2013). There is no data to
suggest that resistance to ozone treatment exists in any insect species and therefore it
may prove useful in select situations where traditional pesticides (pyrethroids) cannot
be used due to the risk of resistance related control failures (Romero et al. 2007).
While the exact effects of ozone is not fully understood in insects, this research helps
elucidate some sub-organismal level effects of exposure. As ozone is a known source
of oxidative stress, the general increase in antioxidant enzyme activity (Superoxide
dismutase and Catalase) I observed in ozone treated bed bugs is consistent with find-
ings in other organisms. The lack of activity differences for glutathione peroxidase
(GPx) and glutathione transferase (GST) enzymes in control and ozone-treated bed
bugs may be explained by their primary roles in xenobiotic detoxification and protec-
tion of membrane lipids from peroxidation. The lack of apolar xenobiotic compounds
resulting from ozone exposure likely plays a part in the low activity of GST. How-
ever, lipid peroxides are an expected consequence of oxidative stress, but significantly
increased activity of GPx enzyme associated with lipid peroxide detoxification was
not observed. Future studies focusing on lipid peroxides generated by ozone exposure
would help to better understand the mechanisms of the antioxidant response in bed
bugs. The results of the neurophysiology component of this study also help to under-
stand the role of ozone-induced neurological effects in bed bugs. Mammalian studies
have clearly shown a link between oxidative stress and damage to the central nervous
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system (CNS). The aim of electrophysiology recordings was not to quantify the ef-
fects of ozone applied directly to the ventral nerve cord of bed bugs, but rather to
observe and quantify the effects of inhaled ozone on baseline nervous activity. While
the methodology employed was not able to observe the direct effects of ozone on the
CNS of bed bugs, I was able to show that the toxic effects induced by inhaled ozone
likely have a neurological basis perhaps due to oxidative damage caused to the neu-
ronal membranes and possibly the breakdown of blood-brain barrier (BBB). Further
studies using ozonated physiological saline (buffer) would be a valuable next step to
better understand the effects of direct ozone exposure on nervous activity. Known
mitochondrial toxins such as formic acid, that have been shown to cause neuroexci-
tation in insects, could be applied directly to bed bug nerve preparations and their
effect can be compared with that of the ozonated buffer. Overall, the exploration
of ozone as a treatment option for bed bug infestations does not propose that ozone
alone is the solution to the problem of bed bugs. This work does, however, provide
information concerning the concentrations and exposure times required for bed bug
mortality as well as insights into possible mechanisms of toxicity that may provide a
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